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Abstract
Polymer nanofibers hold much promise as advanced composite materials, and can
be customized into matrices with special electrical, optical and biological properties.
Electrospinning, which utilizes the destabilization of a fluid's surface in a strong electric
field, has gained the most favor as a top-down approach to producing polymer
nanofibers. In this work, a microfluidic device was designed and assembled for the two-
dimensional focusing of immiscible fluids and integrated into a system for
electrospinning. Hollow fibers were produced with diameters on the order of 100-240
nm, at steady-state flow rates around 50 pL/min. TEM images show hollow interiors
with diameters approximately one third of the total fiber diameter. These results are
important for future efforts at multiplexing the electrospinning process, and prove that the
creation of hollow fibers is feasible using a microfabricated device. Furthermore, the
focusing of immiscible streams in two dimensions may be used for sample transport and
reaction control in microfluidics. Suggestions are made for further evaluation of flow
focusing behavior, and improvements that may increase the viability of electrospinning as
an industrial process.
Thesis supervisor: Todd Thorsen
Title: Assistant Professor of Mechanical Engineering
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1 Introduction
Polymer nanofiber-based structures have recently drawn much attention for their
potential in advanced composite materials. Among other properties, these materials
feature precise control over fiber structure, and the ability to incorporate various
functional compositions for electrical, optical, and biological applications.
Because of its high throughput and applicability for a wide range of materials,
electrospinning has emerged as the dominant technology for producing such fibers. This
stands in contrast to more popular "bottom-up" approaches to nanotechnology, which
involve molecular-level control of material formation. Bottom-up growth can offer pure
materials and complicated structures, but at the expense of slow production rates and the
availability of only certain sets of chemical compositions [1, 2].
Electrospinning, on the other hand, is a continuous process that works for a broad
class of materials, and is at present the most promising method for the practical
production of polymer nanofiber composites. A stream of polymer solution is drawn
downward in a strong electric field. Fibers then solidify as the solvent evaporates before
coming to rest on a grounded plate. Using this method, fibers with exceptionally long
length and a variety of fine structures have been demonstrated, including hollow fibers
produced with an immiscible core template.
Despite the successes of this process described in the literature, the flow rates of
single-fiber electrospinning are currently insufficient for its practical application in
materials processing. To this end, devices for multiplex nanofiber production have been
explored using traditional machining methods and manual assembly. These techniques,
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however, are generally unsuitable for device fabrication, because of high dimensional
variation at the scale of the most important device features. Microfabrication techniques
offer a reliable and robust alternative for the production of nanofiber spinning systems,
but have been only minimally explored in this context.
The objective of this study is the design, testing, and analysis of a microfabricated
device for the electrospinning of hollow polymer nanofibers. Potential for duplication as
a multiplex spinning system is a key requirement, and hence design elements and
fabrication methods are chosen for their reliability and repeatability over alternative
approaches to the problem.
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2 Review of Literature and Theory
2.1 Electrospinning process
The favored process for the top-down production of nanofibers is electrospinning,
which draws a liquid polymer solution into a fine jet before the solvent evaporates and a
fiber solidifies. Although the electrostatic and fluid mechanic phenomena that form the
foundation of electrospinning and electrosprays were conceptually well understood over a
century ago, the quantitative specifics of these physical processes are still under
investigation. For the most part, current research is focused on advanced models of
electrodynamic stability that have little impact on the process's end products [3]. On the
other hand, the operating criteria for the onset of electrospraying and nanofiber
polymerization are well understood, and are the most relevant considerations for the
design of an electrospinning system.
2.1. I1 Electrosprays and stability criterion for Taylor cone formation
A fluid droplet hanging from a small orifice is held together by surface tension,
which can maintain a pressure difference across the surface. In a strong electric field,
this droplet first deforms and then destabilizes. The most common configuration for
analyzing this phenomenon is illustrated in Fig. 1, with a syringe attached to a high-
voltage power supply, separated from a grounded plate by a vertical distance h. Sir
Geoffrey Taylor extensively studied this phenomenon, verifying his prediction that the
droplet distorts into a cone with angle 0 = 49.3° before destabilizing [4].
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High voltage Syringe
power supply
Needle
Vl+ ~ Taylor cone
V
h Electrospray
Fig. 1: Schematic oJfbasic electrospinning apparatus. Polymer solution is provided
through a syringe, and passes through a strong electric field between the needle and
grounded collection plate. Past a threshold voltage, a Taylor cone Jbrms at the tip and
an electrospray is deposited onto the plate.
Further augmentation of the electric field results in surface instability, where the
static density of electric charge on the drop's surface is sufficient to overcome surface
tension. The stability criterion for such a droplet in an electric field of strength E is
derived from a stress balance of the droplet's surface tension y and induced surface
charge:
4 3
, sKE < 2r0r- p 3 zrg, (1)
where K is the fluid's electrical conductivity, ro is the radius of the droplet, g is the
acceleration of gravity, and as is the droplet's surface charge area density in C/m2 [51.
When the surface charge term exceeds the containing force of surface tension, the droplet
becomes unstable.
Instabilities pass through different modes as voltage is increased, proceeding from
accelerated dripping, to a stable fluid jet, and finally to multiple unstable jets [6, 71. The
second "cone-jet" mode is most significant for the formation of nanofibers and particles,
where the surface tension breaks up into a stable axisymmetric "Taylor cone" [8].
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2.1.2 Development effects of Taylor cone
The narrow Taylor cone has been shown to maintain stability for several
centimeters, beyond which it appears to splay into a broad distribution of small filaments.
In fact, recent investigations have shown that this splaying is actually chaotic whipping of
the original single channel at a very high velocity, which may be important for other
applications of electrohydrodynamic processes. Despite debate regarding the details of
these end effects, however, "cone-jet" electrosprays have already been included in
numerous applications.
For a fluid stream that does not react or solidify, the Taylor cone destabilizes into
a spray of charged microdroplets. The Rayleigh criterion relates the charge q of a droplet
to its minimum diameter D:
q2 = 8r 2 e 0y D 3 (2)
where so is the permittivity of free space and y is the fluid's surface tension. At the scale
of cone-jet electrosprays, the ratio of surface area to fluid volume is large, and hence
substantial evaporation occurs during the process. As the droplet size decreases from
evaporation, the Rayleigh condition predicts the breakup of the droplet as electrostatic
charge eventually overcomes surface tension. This process of "Coulomb" fission can
produce charged microdroplets with a relatively narrow distribution of diameters [9].
For many years, electrospraying has been applied to atomization for painting,
inkjet printing, and crop dusting. One additional application has been electrospray mass
spectroscopy of biomolecules, where electrostatic parameters are optimized to control the
evaporation of solvent from these droplets [9].
14
2.1.3 Applications of electrospinning in materials science
In addition to appplications in electrospray mass spectroscopy, the ability to
control solvent evaporation in electrosprays has been utilized for the creation of
nanostructured materials. Polymer solutions can be drawn into narrow Taylor cones of
sub-micrometer diameters, and the high ratio of exposed surface area allows solvent to
evaporate and the material to solidify into a nanofiber before landing on the bottom
collection plate [ 101. The process of electrospinning yields long nanofibers from a broad
variety of compositions, and is the subject of much research in materials science.
The most prevalent polymer systems for electrospinning are organic polymers in
common solvents, because of favorable viscoelastic behavior and a high solvent
evaporation rate. However, numerous other classes of materials have recently been
electrospun, including conductive, photoactive, and biocompatible polymers. Further
variations in composition include hybrid fibers of otherwise incompatible polymers in a
conventional matrix polymer. Examples include inorganic oxides and ceramics, usually
spun in a matrix of poly(vinyl pyrrolidone) [11].
In addition to its use with a variety of chemical compositions, electrospinning
facilitates control of various physical properties of polymer fibers. Some of these effects,
such as the accumulation and "beading" of polymer solution, are generally undesirable.
Other effects such as the creation of porous fibers, however, offer material properties that
are unique to electrospun fibers [11].
Another variation of physical composition is the formation of core-sheath and
hollow nanofibers by coaxially spinning a second fluid within the polymer stream. This
process initially took the form of encapsulation of an immiscible phase, yielding tiny
15
aerosols with potential applications in food manufacturing and pharmaceutical delivery
[12]. Core-sheath fibers follow a similar line of development, and often involve a
conductive or otherwise specialized material insulated within a second polymer [2].
Loscertales and colleagues have demonstrated that hollow nanofibers can be
formed by electrospinning an immiscible fluid such as oil or glycerin within the polymer
solution [8]. By soaking the fibers in a nonpolar solvent, the core phase then separates
out. Using this liquid template approach, control of fiber diameters and wall thickness is
straightforward, with diameters on the order of 500 nm reported [8].
Beyond the physics of the electrospinning process, the collection of nanofibers is
important for their applications as functional materials. In the classic configuration,
fibers are typically collected on a plate of conductive material, such as aluminum or
silicon, attached to ground. Fibers collected in this manner exhibit a random orientation,
with long fibers often forming loops and curves without any dominant directionality.
More advanced configurations feature parallel grounded electrodes on an insulating
substrate, such as gold sputtered on quartz. Electronspun fibers span the gap between
these electrodes, which may be up to one centimeter in length, leading to highly ordered
collections of nanofibers [13]. Beyond these parallel alignment schemes, perpendicular
pairs of electrodes have also been cycled between ground voltage to collect arrays of
woven fibers [14]. Incorporation of electrospun fibers into an ordered nanostructure is
essential for their use as advanced materials, and has been a key part of more forward-
looking designs for industrial processes [5].
16
2.2 Microfluidics and soft lithography
Many of the proposed applications of electrospun nanofiber materials are
impractical without the ability to manufacture many streams of similar fibers
simultaneously. Especially for the mass production of nanofiber-based materials,
multiplexing the electrospinning process is not a trivial matter, and requires consideration
of yield and throughput, variation between streams, and device reliability. Prior studies
that look beyond the fundamental spinning process of nanofiber-based materials have
devoted much attention to the collection of fibers after they polymerize [5, 13, 14].
Bocanegra and colleagues have gone further into the issues of manufacturability and
demonstrated the production of electrosprays from a grid of orifices [15]. To the author's
knowledge, however, no studies have been published that specifically address the
multiplex production of hollow or core-sheath electrospun nanofibers.
Microfluidic channels produced by soft lithography are pursued as a solution to
the problem of cheaply and precisely replicating this fluid flow machinery. One
advantage of this implementation is the availability of a simple theoretical model to
predict pressure requirements at microscales. Microfluidics also offers the ability to
establish precise control over the flow and focusing of the relevant fluid streams. Finally,
the materials and fabrication methods used in microfluidics are highly repeatable and
facilitate accurate replication of electrospinning devices.
2.2.1 Fluid mechanics and surface interactions at the microscale
Microscale flows are dominated by viscosity, expressed by very low Reynolds
numbers, and hence momentum-related phenomena are insignificant for microfluidic
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designs. For fully-developed flow, viscous stress is constant across a uniform section of
channel, and hence the pressure differential necessary to drive a given flow rate is
linearly dependent on the length of the channel [16]. For laminar flow in a rectangular
channel, traditional friction-factor estimates of head loss are corrected using a geometry
factor F. This correction is derived from a Fourier-series solution of the Hagen-
Poiseuille viscous flow problem. The volumetric flow rate Q through a channel of length
L with a rectangular cross section is thus related to the difference in pressure (pI-p2):
Q=4ab3 (p,- p 2) () (3)
for channel half-height a, half-width b, and fluid viscosity u, with geometry factor F
tabulated for aspect ratio alb [16]. This relation is especially important for judging
device pressures under flow-rate control, because pressure-induced device failure is a
serious consideration when using highly viscous fluids.
Another important consideration in microfluidics is the role of interfacial forces,
which are usually insignificant in macroscopic flows. The liquid-vapor surface tension of
air bubbles can be strong enough to cause blockage of channels at moderate pressures
[17]. Drag forces associated with surface wetting are also significant, and can prevent
separation of some liquids from channel walls.
2.2.2 Microfluidicflowfocusing
Supplying a fluid stream for the electrospinning of core and hollow nanofibers
greatly complicates the above theoretical considerations. The device must place the core
stream within the polymer solution, and maintain this for a stable concentric flow to the
spinneret outlet. This has been achieved in the case of a single device by inserting a thin
18
X wr V U ss
Fig. 2: Two-dimensionalflowfbcusing in microfluidic device. Core stream is first lifted
of/ by a low stream of solution, then pinched at the nextflow junction.
©2005 American Institute of Physics [19].
capillary into the syringe tip and delivering an enclosed oil stream to the spinneret tip [8,
12]. The architecture of microfluidic devices, however, prevents delivery of the core
fluid through an enclosed channel in this way, and hence the flow field must be
manipulated to focus the core stream in the polymer solution.
Fluid focusing in the plane of a microfluidic device has been demonstrated by
"pinching" the main flow channel at a perpendicular junction with converging streams of
fluid. This arrangement requires only one layer of channels, and fabrication and
operation of the device is straightforward. The width of the focused stream correlates
with the ratio of the streams' pressures in pressure-driven flow [18].
Low Reynolds number flow features relatively flat velocity profiles across the
cross section of a channel, implying that relative motion between the two streams is
minimal. Hence the width of the focused core stream w,,ore in this one-dimensional case
can be derived from the continuity condition:
Wcore Qcore (4)
W Q ore + Qsheath
where w is the width of the entire channel, Qco,, is the volumetric flow rate of the focused
stream, and Qsheat, is the flow rate of the remaining fluid. This is specifically applicable
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for one-dimensional flow focusing where the core and main streams have approximately
the same velocities, but nonetheless has value for evaluating the performance of other
flow focusing schemes.
One-dimensional flow focusing is insufficient for core fiber electrospinning,
however, because the focused stream maintains contact with the top and bottom walls of
the device. Complete focusing of a core stream in two dimensions requires manipulation
of the flow field at multiple heights within the device, as demonstrated by Simonnet and
Groisman [19]. The core stream is inserted into the main stream through a shallow
channel, approximately one third of the main channel's height. A second shallow
channel then follows to "lift off" the core stream. A final pinching junction completes
the focus in the plane of the device, as in the one-dimensional arrangement. The result is
a stable core stream that is completely surrounded by the main fluid [19].
Both of these flow-focusing devices, however, were designed for the purpose of
accelerating diffusion processes for reaction chemistry. Both the core and main streams
were the same fluid in these demonstrations, and verification of the flow focusing was
simply achieved by adding dyes and tracers [18, 19]. The application of such a device for
the focusing of an oil stream in an immiscible solution, however, is not established in the
literature. Interfacial forces are expected to play a role at such small length scales, and
nonuniformities between core and sheath velocities may further complicate flow
focusing.
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2.2.3 Soft lithography process capabilities
Soft lithography processes have been extensively explored as alternatives to more
costly traditional methods of microfabrication for microfluidics and bioMEMS. In
addition to its low cost for laboratory prototyping, soft lithography offers greater
independence in materials selection and surface chemistry. At the heart of soft
lithography for microfluidics is the molding of elastomeric devices from a silicon mold,
from channel negatives patterned by etching or photolithography. Many soft devices can
then be patterned from the same mold, which can save considerable time and resources
compared to clean-room processing methods [20].
Polydimethylsiloxane (PDMS) is a popular material for soft lithography for its
availability and inertness to a wide variety of chemicals. Solutions for electrospinning
involve a number of polymers and precursors that may bind or react with the channel
walls of other materials. Additionally, polymers are dissolved in ethanol and
dimethylformamide, which can react or otherwise be incompatible with other substrate
materials. However, hydrophobic substances such as oils and nonpolar solvents are
attracted to PDMS channel walls, and may cause the device to swell [20].
Also pertinent to its application in microfluidics is the ease with which PDMS
forms a seal with both itself and glass. This reduces the need for more complicated and
expensive techniques such as RF plasma bonding, and greatly accelerates the process of
assembling devices [21]. For prototypes that are built for moderate pressures, bonding
can be achieved between PDMS layers by varying the compositions of elastomer and
curing agent 22].
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The ability to easily couple soft devices with electrode components for
electrokinetic transport and separation has proven to be yet another advantage of soft
lithography for microfluidics applications. PDMS devices can also be designed with
integrated electrodes for electrokinetic transport and separation. In the field of
electrospray techniques, such an implementation has been demonstrated for electrospray
ionization mass spectrometry, which incorporates on-chip electroosmotic pumping for
control of Taylor cone formation [21]. Such capabilities offer much promise for the
integration of nanofiber spinnerets with their surrounding support hardware.
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3 Device Design
Previous successes in the electrospinning of hollow polymer nanofibers were all
from manually assembled devices, and were not suitable for replication of parallel
streams. Soft lithography offers much improved potential for reproducibility, and has
been used for simple devices to supply constant pressure polymer solutions in solid-fiber
experiments [23].
The spinning of hollow fibers, however, presents a new set of challenges for the
placement of an immiscible core in the polymer stream. A prior microfluidic design
utilized two layers of microchannels to flow polymer solution and oil through an array of
spinners. These spinners consisted of concentric stainless steel tubes that, when properly
aligned and punched through the elastomer device, would place the oil core in the middle
of the polymer solution. This design still required substantial manual assembly for
proper positioning, however, and alignment proved to be too difficult to achieve by hand.
Furthermore, the wider tubes typically distorted and sheared the PDMS, rending most
devices inoperable
These complications provided the motivation for a second design iteration, which
included a mechanism for focusing the oil core stream within the actual microchannels.
Design considerations included the specific geometry needed to focus an immiscible oil
stream, the pressures necessary for adequate volumetric flow rates, ease of fabrication
and assembly, and the potential for repeated patterning of the system for multiplex
electrospinning. A process flow was then developed for the fabrication of these devices
from soft lithography.
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3.1 Polymer and oil template composition
Poly(vinyl pyrrolidone) (PVP) was selected as the fiber polymer for this design,
because its solubility and solidification behavior are well established in the
electrospinning literature. The polymer solution consisted of 4% PVP (average M.W.
1,300,000, Acros Organics, Geel, Belgium) in a 1:1 solution of ethanol and
dimethylformamide (DMF). The oil core phase was light paraffin mineral oil
(Mallinckrodt 6358, Hazelwood, MO), chosen for its availability and relatively low
viscosity.
3.2 Flow focusing geometry
The design presented by Simonnet and Groisman [19] inspired the flow focusing
geometry of this device, which is illustrated in Fig. 3. Polymer solution flows into
channel A, which intersects with three streams B-D before developing through a longer
main section. The focused flow then exits through the edge of the device.
Flow focusing is attempted by exploiting two different channel depths, which in
the final design are 75 pm for channels A and B, and 21 pm for channels C and D. As
polymer flows from channel A toward the exit, the immiscible oil phase enters from the
device's bottom at the junction with channel D. Further along, channel C enters at the
same low height, and provides a "lift-off" stream of polymer solution below the oil phase,
which ideally separates the oil from the channel floor. Finally, tall channel B squeezes
the streams with additional polymer solution to focus them in the plane of the device.
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B (100pm x 75 pm)
C (100pm x 21 pm)
D (100pm x 21 pm)
A (1Opm x 75pm)
A (polymer)
100 pm 50pm
D E = D (oil)
C 1 1 Z ' C (polymer)
I 100p m I
B +It ~ B (polymer)
~'" "I - -100pm I
Mai _ n to otle:I
Main channel to outlet:
oil focused in polymer solution
Fig. 3: Channel layout offinal microfluidic electrospinning device. Channels A-D
converge at three junctions to form a main flow channel, focusing the core oil stream
from D within the polymer solution. The main channel, oriented vertically, then exits
through the edge of the PDMS substrate to fobrm the spinneret outlet.
In order to provide equal pressures on both sides of the device, channels B-D
wrap around the focusing junctions to the ports that connect them with the flow-control
apparatus. Connection points are spaced far enough apart to prevent accidental channel
damage when punching access ports during device preparation. Channels C and D are
tapered at their respective junctions with the main channel, in order to achieve somewhat
higher local velocities and provide lift-off across the entire width of the main channel.
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3.3 Design considerations for microfluidic device
The respective high viscosity and short solidification time of mineral oil and PVP
mean that device clogging was a serious concern. Cleaning the interior and exterior of a
microfluidic device for reuse would be difficult and time consuming, so cheap and
disposable PDMS devices from a more costly silicon mold were a practical solution for
this study. Additionally, PDMS is transparent, allowing for easy observation of fluid
flow in the microchannels.
A critical design consideration for the flow focusing device was the pressure
limitation imposed by the strength of bonding between PDMS layers. Exact data for this
threshold were not well established for the process described in Sec. 3.4.2, as curing
between PDMS layers is dependent on elastomer composition and curing times [22].
However, 40 psig is commonly quoted as a reasonable limit on sustained channel
pressures, and was hence used as a guideline.
Low Reynolds number flows in microfluidic devices exhibit a linear relationship
between pressure differential and volumetric flow rate [16, 24]. Viscosities of the
polymer solution and mineral oil were measured at controlled room temperature (22.0
°C), using an AR-G2 stress controlled rheometer (TA Instruments, New Castle, DE).
Despite the moderate polymer concentration in the PVP solution, rheometric behavior
was highly Newtonian, with nearly constant viscosity of 22.1 cP ± 2.0% across a shear
stress range of 0.01 to 10 Pa. The mineral oil was similarly measured at 53.5 cP + 1.2%.
The flow of mineral oil through the PDMS device imposed a pressure limit,
because its viscosity is more than twice that of the PVP solution. The device was
designed for a maximum oil flow rate of 5 pL/min, and channel widths were sized
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according to Eq. 3 to meet the pressure limitation. In order for pressure across channel D
to not exceed the threshold imposed by PDMS bonding, the channels were designed with
a width of 100 pm before a short taper to 50 pm. Channel C for PVP solution followed a
similar geometry.
3.4 Device fabrication process flow
Microfluidic flow focusing devices were fabricated using PDMS soft lithography,
as illustrated in Fig 4. Fabrication of the final device involved three main steps: mold
patterning from photolithography, pouring and curing of PDMS on top of the mold, and
finally device mounting and interconnection.
3.4.1 Multilayer moldfabrication using SU-8 photoresist
Two-layer molds were fabricated in a clean-room on silicon wafers, which
featured four squares of three flow-focusing devices each. Two masks were required for
the total process, and were scaled up by 1.7% to compensate for bulk PDMS shrinkage.
Both masks were printed in high resolution on transparency stock, with the second
transferred to a chrome plate for easier alignment. After initial solvent cleaning and
evaporation, the three-inch wafers were coated with SU-8 2015 photoresist (MicroChem,
Newton, MA) spin-coated at 2000 rpm for a film thickness of 21 pm. Evaporation of the
photoresist solvent was achieved using the manufacturer-prescribed "soft bake" of 1
minute at 65 °C, followed by 2 minutes at 95 °C. This layer was then exposed through
the first mask with ultraviolet light for 80 sec, which was placed in contact with the
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wafer. This step was proceeded by a post-expose bake of 1 minute at 65 C, and 3
minutes at 95 C.
The second layer of photoresist followed a similar procedure. SU-8 2050 was
coated at 2000 rpm for 75 pm thickness, with soft bake times of 3 and 9 minutes at 65 °C
and 95 C, respectively. The second mask was aligned to the first pattern with the aid of
alignment reticules. UV exposure was performed for two and a half minutes, followed by
a post-expose bake for 1 minute at 65 C and 7 minutes at 95 C. Both layers of
photoresist were then developed in polymonoacetate simultaneously, without any
subsequent baking of the photoresist.
3.4.2 Soft lithography with PDMS
Outside of the clean-room, the wafers were treated with chlorotrimethylsilane
vapor to protect the SU-8 pattern from damage during the soft lithography process.
Sylgard 184 PDMS (Dow-Corning) was then mixed and degassed, at a 5:1 ratio of
elastomer to curing agent. The wafer was placed inside a Petri dish and covered in
PDMS, and again degassed in a vacuum desiccator. The PDMS was then baked at 80 °C
for 17 minutes in a laboratory oven. At the same time, a PDMS base layer of
approximately 3 mm thickness was prepared at a ratio of 20:1 on a blank silicon wafer,
and baked for 20 minutes.
After initial curing, the PDMS layers were removed from the oven and sliced into
four squares. Interconnect holes were punched using a 20 ga. dispensing needle before
cleaning the patterned devices with isopropyl alcohol and mounting them on the base
layer. Both PDMS layers were then baked together for two to three hours at 80 °C.
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1 - Spin coat 21pm photoresist,
soft bake
2 - Expose first layer photoresist
SU-8 2050
\',,\\
3 - Spin coat 75 pm photoresist,
soft bake
4 - Expose second layer photoresist
PDMS, 5:1
.. .I .... .: : :: .... . . . :.: .: .
. .... ....
PDMS, 20:1
/l5
5 - Develop in polymonoacetate;
silane deposition on silicon wafer
6 - a) pour 5:1 PDMS on wafer,
b) pour 20:1 PDMS on blank wafe
bake separately appr. 20 minutes
7 - Join PDMS layers, punch port hol
6I37
8 - Mount device to glass slide
Fig. 4: Process flow for PDMS electrospinners using soft lithography. On a silicon wafer, photoresist was
coated and exposed twice to make a two-layer channel negative. The wafer then served as a mold for
PDMS soft lithography. The final device was then mounted on a blank PDMS base layer and glass slide.
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Fig. 5: Assembled microfluidic electrospinning devices. Three devices were patterned in
each PDMS square (above right), which was then mounted on a glass slide. Four fluid
interconnects and the high-voltage electrical connection are also pictured.
3.4.3 Device mounting and preparation
Device preparation required pump access to the four flow channels, an electrical
connection to the high voltage power supply, and a rigid base for supporting the device
from the apparatus described in Sec. 4.1. After curing together for several hours, the
devices were sliced and mounted to glass microscope slides. One edge of the PDMS
square was cut with a razor blade to open the main channel as the device outlet. The four
input channels A-D were connected to the flow control machinery with plastic tubing,
which was attached to their respective interconnect ports with 23-ga stainless steel tubes
(New England Small Tube, Litchfield, NH). The attachment tube for channel A was
connected to the high-voltage power supply using a multimeter clip probe. The electrical
wire and four flow lines were finally strain-relieved on the glass slide with electrical tape,
with the final assembled device shown in Fig. 5.
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4 Experimental Setup
4.1 Experimental apparatus
Three syringe pumps provided polymer solution and oil to the PDMS device
through the attached plastic tubing. Channels A and B were fed from 5 mL syringes
mounted together on an 11 Plus double-mount syringe pump, and channel D through a 1
mL syringe on a second 11 Plus (Harvard Apparatus, Holliston, MA). Polymer solution
to channel D, for more precise control over lift-off flow rates, was provided through a 5
mL syringe on a PicoPlus high-precision syringe pump, also from Harvard Apparatus.
For observations and analysis of flow-focusing behavior, the PDMS device was
observed under a dissecting microscope with the aid of a digital video camera. For
electrospinning runs, the device was mounted to a plastic laboratory stand using a wood
clothespin and test tube clamp. The base of the stand was covered with aluminum foil to
provide the ground collection sheet. A 30 kV variable DC power supply (ES30P-1OW,
Gamma High Voltage, Ormond Beach, FL) supplied high voltage to the electrical lead at
channel A.
4.2 Experimental methods
4.2.1 Observation offlowfocusing
Observations of flow focusing behavior were conducted by placing the PDMS
device and glass slide, without electrical connections, flat beneath a dissecting
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microscope. Fluid lines were primed by injecting sufficient fluid to form a small
meniscus at the end of the stainless steel tubes, in order to minimize formation of air
pockets in the device. One to two minutes were allocated following each change of flow
rate to allow sufficient time for parameter changes to develop in the flow.
4.2.2 Electrospinning procedure and tests
The height between the PDMS channel outlet and the ground collection foil was
measured, and the horizontal balance of the PDMS device verified before proceeding
with electrospinning experiments. Syringe pumps were activated and a small meniscus
was formed at the device outlet. The high voltage power supply was then increased until
the onset of Taylor cone formation.
Two electrohydrodynamic tests were carried out. The first, an analysis of
electrospinning flow rates, was performed by measuring the duration of Taylor cone
spinning over a two and a half minute time span for given pumping parameters. For
syringe pump flow rates below steady-state operation, Taylor cones periodically formed
and disappeared as the meniscus shrank. For pumping rates above steady-state operation,
the meniscus grew until gravity separated it from the device as a drop of fluid. Using this
method, a rough estimate of the flow rate q through the Taylor cone was determined.
A second electrohydrodynamic test addressed the electrostatic conditions
necessary for the onset of surface tension instabilities. For a given device height and
flow rate, the voltage at which a Taylor cone first formed was recorded. This test
established a range of operating conditions for stable single cone-jet electrospinning.
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Fibers were collected by inserting silicon wafer pieces onto the collection foil for
time periods of 3 to 30 seconds. For TEM imaging, copper support grids (Ted Pella, Inc.,
Redding, CA) were placed on a silicon wafer piece and similarly placed into the spinning
field. Samples were subsequently placed overnight in an octanen bath to dissolve away
the oil core and any external oil residue. Samples were then available for SEM and TEM
imaging.
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5 Experimental Results
5.1 Focusing of oil stream in polymer solution
5.1.1 Establishing stability offlow
An operating range of flow rates was established for the PDMS device, despite
the presence of various instabilities that disrupted flow focusing. These included
asymmetric wetting, separation of convergent core flows, and channel backflow, which
occurred over a broad range of flow rates. Nonetheless, partial two-dimensional focusing
was consistently achieved at the outlet of the device.
Device failure was an obvious impediment to the study of flow focusing, but
occurred only past the flow rate limits established in Sec. 3.3. Past this threshold,
however, various devices failed across a wide range of shallow-channel flow rates C and
D. Leakage of PVP-ethanol solution through the device ports was witnessed for flow
rates as low as 20 pL/min, but more often near 40 pL/min. Oil flow rates between 20 and
30 pL/min consistently resulted in port leakage and then channel delamination. Failure
due to such high oil flow rates was seen as either discrete drops or a continuous stream of
oil entering into channel A before the intended junction, and a bubble was occasionally
visible between the two channels where the PDMS layers separated.
Aside from excessive flow rates, device failure also resulted on occasion from
channel obstruction. PDMS debris and air bubbles were sometimes capable of blocking
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flow through the main channel, and backflow between channels A-D would result. After
several seconds delay, channel delamination would occur as in the above cases.
In the stable state, the oil streams converged at the junction of channels A and D.
Past this junction, the lift-off stream separated the oil from the channel sidewalls, where it
remained through the pinching junction as in Fig. 6(a). Perturbations to the flow,
including air bubbles and movement of the PDMS device, would occasionally result in
the oil stream wetting the walls of the main channel past the lift-offjunction. This flow is
illustrated in Fig. 6 (b), where the ethanol solution entering at the top junction appears to
flow beneath the stream of oil. A third, asymmetric flow case also occurred occasionally,
where the oil stream wetted one channel wall but not the other, as in Fig. 6(c). This
appeared not to be in equilibrium, however, as this asymmetric condition would
eventually develop to the former case after several minutes. Less often, oil would wet
one sidewall of the main channel past the pinching junction; again, this would eventually
stabilize and focus after sufficient development time.
Stable operation also often involved separation of the two concentric oil streams
at the junction with channel D, seen in Figs. 6 (b) and (c). This "unzipping" depended on
the flow rate A in a given device, and the separated streams converged further
downstream. Increasing A further caused the separation to propagate with increasing
speed down the length of the main channel, and a single focused oil stream was no longer
observed. For baseline oil flow rates of D = 2-5 pL/min, unzipping first appeared for
polymer solution flow rates of A = 20-30 pL/min.
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Fig. 6: Unstable wetting effects inflowfocusing device. Oil is inserted above the top of
the frame, encounters the "lift-off'junction andpinching junctions, then continues
downward to the exit: a) stableflow with oilphase separated fiom channel walls,
b) "unzipping" with oil lift-off c) asymmetric wetting of channel wall, with unzipping.
5.1.2 Performance offlow focusing
Regardless of whether the two oil phases converged immediately, a single focused
oil stream was visible in the plane of the device. Stable operation usually involved some
separation of this oil stream from the main channel sidewalls before the pinching
junction, however, and hence the two-dimensional behavior of flow focusing within the
PDMS device was uncertain.
For this stable case, both for convergent and unzipped oil streams, increasing the
flow rate of the lift-off stream C resulted in thinning of the oil stream near this junction.
For polymer solution flow rates A and B of 15 pL/min and an oil flow rate D = 2 pL/min,
the width of the oil stream decreased linearly with the ratio of lift-off to oil flow rates
CID. This correlation is illustrated in Figs. 7(a) and (b) as a percentage of the main
channel width, alongside the prediction from Sec. 2.2.2 and Eq. 4 for one-dimensional
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focusing with a uniform velocity profile. Even for extreme ratios of CID = 40, the oil
stream at this junction thinned without breaking up, as seen in the sequence of Fig. 7 (b).
These complex wetting and separation effects could disrupt the focusing of a
single oil stream, but within an operating range would eventually stabilize for proper
device operation, as seen in Fig. 8. Varying C with respect to A and B resulted in
significant flow changes local to the three junctions, but the focused stream would
ultimately be unchanged at the device's exit. Thus channels A, B, and C were most
effectively operated at the same flow rates, which varied between 5 pL/min and 30
pL/min. Similarly, the oil flow rate D could be varied independently between 2 and 10
pL/min, although total unzipping of the oil phase was more common near the bottom of
this range.
Although the degree of two-dimensional focusing is ambiguous from simple
microscope observations, the intended placement of the oil stream within the polymer
solution at the main channel outlet was clearly visible when the PDSM device was placed
vertically. Two concentric phases could be seen in the droplet that formed at the channel
outlet, although the size and placement of the focused oil droplet were difficult to gauge
from visual inspection.
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Narrowing of Oil Stream at Lift-off Junction
I I I ; I
0 Observed flow focusing
----- Ideal ld focusing
0
.
0
-I
0 5 10 15 20 25 30
C / D (ratio of lift-off to oil flow rates)
35 40
Fig. 7: Narrowing of oil stream at lifi-offjunction. (a) The width of the oil stream maintains a downward
linear correlation with increasing lift-offflow rate C. The oil stream width is significantly greater than
predictions for one-dimensional Jocusing; (b) observations of lift-offjunction at constant oilflow rate 2
pL/min, with PVP-ethanolflow rates indicated on diagram. Oil stream maintains contact with the floor of
the device even at very high relative flow rates, indicating a nonunifbrm flow profile and incomplete lift-off:
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Fig. 8: Focused oil flow in PVP-ethanol solution. Pinching junction
(center) clearly separates oil core from main channel walls, but status
offlow at lif-offjjunction (top) is uncertain.
Fig. 9: Fornmation of Taylor cone in constant electric field. Concentric droplets of oil
and P VP-ethanol solution Jbcused bhy PDMS microJluidic device (top) are distorted in the
down lward electric field (E = 2. kV/cnl). As electric charge overcomes surfice tension, a
stable Talor cone forms, fifintli visible at the tip of the droplet in frames c and cl.
Sequence of droplet destabilization occurs over 2-3 seconds.
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5.2 Electrospinning of hollow polymer fibers
Increasing the voltage from zero, the accumulated meniscus at the outlet of the
PDMS device first narrowed into a sharp cone, then retracted into a more rounded shape
when the Taylor cone formed. The sequence of droplet deformation and destabilization,
as illustrated in Fig. 9, occurred over a timespan of 2-3 seconds. Approximately 2 cm
below the meniscus, the jet appeared to splay into many narrower filaments as seen at the
bottom of Fig. 10.
A single symmetric jet was clearly visible when the voltage was within the
appropriate range. Fig. 11 illustrates the voltage at which a Taylor cone was first
observed, which increased linearly with device height. Samples were taken at total flow
rates between 13 and 65 pL/min with a 12:1 flow ratio of PVP solution to mineral oil, but
did not exhibit significant dependence on these pumping conditions. Near this Taylor
cone onset voltage, electrospinning was relatively unstable: the jet took several seconds
to develop and usually dissipated within a few seconds. The orientation of the jet
deviated by several degrees from vertical, and usually drifted at low voltages. Stable
operation was achieved when the voltage was increased by 1-2 kV, at which point the jet
would persist indefinitely and stop drifting.
In all cases, a fluid meniscus was required at the device exit in order for Taylor
cones to form. Again for a 12:1 flow rate ratio of PVP solution to mineral oil, steady-
state Taylor cone formation was achieved for a total flow rate of 52 pL/min. At flow
rates below this steady-state, the Taylor cone paused for intervals between 2 and 25
seconds before re-forming on its own. Above the steady state flow rate, the meniscus
periodically formed drops that fell in gravity while the cone-jet spinning mode continued.
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Fig. 10: Taylor cone and onset of unstable whipping. Taylor cone of oil core in PVP-
ethanol maintains a stable vertical stream for approximately 1.5 cm before entering an
unstable "whipping" state.
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Fig. 11: Taylor cone onset voltage. Minimum voltage for Taylor cone formation
versus height between the device outlet and ground plate, at variousflow rates.
Collected fibers were first inspected under an optical microscope to select
samples for SEM and TEM analysis. Four types of deposits were observed. The most
common collection was a dark mass of porous matter and no visible fibers, which was
seen after collecting for time spans in excess of around five seconds. The second was a
variation of this, and featured a rainbow-like oily liquid film. In the third configuration,
small dark fibers were clearly visible, which tended to exhibit a disordered web structure
rather than any higher level orientation. Finally, significantly thicker fibers were
occasionally observed, which appeared translucent and hollow beneath the optical scope.
The surface of these thicker fibers exhibited an oily appearance similar to observations in
the second case. Samples were only selected for SEM and TEM from the latter two
cases, when there was clear evidence of deposited fibers.
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5.3 SEM and TEM imaging
Collected fibers were imaged using two techniques: SEM provided a general view
of fiber dimensions and orientation, whereas TEM featured a detailed picture of the
interior of fibers. As seen in Figs. 12 (a) and (b), SEM images showed abundant dark
fibers, with relatively uniform diameters between 120 and 240 nm. No fiber ends were
visible in the micrographs, implying that their lengths were extremely long as predicted.
Little higher-order structure was apparent in the orientation of collected fibers, which
appeared to be deposited in random directions. Furthermore, sharp turns in the fiber
direction were visible in all images.
SEM images did not detect the interior or surface characteristics of fibers, which
simply appeared as black strands in the images. However, substantial beading occurred
in the sample picture in Fig. 12 (b), with circular imperfections as large as 15 pm
attached to fibers with much smaller diameters. Within these beads, a second phase was
clearly visible, as lighter spots appear to be embedded within the darker polymer
material.
TEM images were too narrow to indicate the orientation of fiber arrays, but
offered a detailed view of their interiors. The hollow interiors of fibers are clearly visible
in Figs. 13 (a) and (b), with highly uniform wall thicknesses. Closer views showed high
contrast between the fiber walls and interior, although scaling was not available with
TEM to gauge the absolute dimensions of the fibers. From visual inspection, the hollow
interior of the tube appeared to account for around one third of the total fiber diameter.
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Fig. 12: SEM images of hollow nanofibers. (a) Fiber diameters showed relatively
little variation; (b) "beading" defect in fibers, with oil core visible within beads.
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Fig. 13: TEM of hollow fibers. a) Wall thickness of hollowjibers is highly unifobrm, b)
Two hollow fibers, showing thickness offJier walls (no scale available).
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6 Discussion
6.1 Flow focusing and stability
The presence of an immiscible core phase makes this a fundamentally different
flow focusing problem than that studied by Simonnet and Groisman [19]. In particular,
the observed wetting effects were not present in previous studies of flow focusing that
involved only water and water-soluble dyes.
Despite the strong attraction of mineral oil to the PDMS side walls, the focusing
of this stream in one dimension was clearly successful from microscope observations.
The oil phase was cleanly separated from the side walls, as seen in Fig. 8. Even when
side wall wetting acted asymmetrically in the main channel and drew the oil core to one
side, a focused flow eventually developed in the plane of the device.
From Fig. 7(a), it is seen that the width of the focused channel differed
substantially from that predicted for one-dimensional focusing, especially at high flow
rate ratios of polymer solution to oil. It remains unclear, however, whether the "lift-off"
function of the second microfluidic junction was indeed achieved. Given that oil
frequently wetted PDMS channel walls in other parts of the device, one possible flow at
this junction would involve no actual lift-off from the channel floor, as depicted in Fig.
14(a). Polymer solution still flows over the oil core in this partially focused scenario.
This stands in contrast to full focusing in two dimensions, seen in Fig. 14(b), whereby
some polymer flow at the lift-off junction overcomes surface tension between the oil and
the channel floor.
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Oil cor
a) b
Fig. 14: Cross section of possible fJlows at liJt-offjunction. a) no liJt-off: polymer
solution enters through channels C and flows over the partially focused oil phase, b) two-
dimensionalfocusing, with successful lift-off
It was expected that some evidence of the oil lift-off would be seen, either as a
discrete phase boundary or a gradient in phase clarity. The microscope in use for this
observation featured a high depth of field, so visual verification of the flow profile by
focusing to different depths was not possible. Judging by the thinning of the oil stream in
Figs. 7(a) and (b), however, it seems that some contact was always maintained with the
floor of the channel. This suggests that the full lift-off depicted in Fig. 14(b) was indeed
not achieved. At the channel exit, however, this was not a critical distinction for the
purposes of electrospinning. The core stream was at least partially focused, and thus
surface tension in the meniscus caused the polymer solution to fully surround the oil core.
Thus the end goal of a concentric oil stream in the polymer Taylor cone was achieved,
regardless of' whether partial or full flow focusing occurred.
The focusing of immiscible streams in two-dimensions is by itself pertinent to the
field of microfluidics, and further investigation of this lift-off performance is
recommended. A reliable means of imaging the two-phase flow at various depths in the
device is essential to further development of this technique. Simonnet and Groisman
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used fluorescent dye combined with confocal microscopy to illustrate the focusing
behavior of their device [19]. Alternately, tracer particles could be inserted into the
stream and optically focused in different planes to gauge the depth at which flow
focusing is occurring. Finally, it may be possible to study flow focusing in the depth of
the device using an oil-soluble dye, and deriving the thickness of the oil phase from the
color intensity with digital photography.
6.2 Electrospinning of nanofibers
The presence of a meniscus at the device outlet at least 1-2 mm in diameter
appears to be essential for the formation of a Taylor cone. This agrees with the
theoretical model of surface tension instabilities presented in Sec. 2.1.1, with the right
hand side of Eq. 1 first peaking and then decreasing as the droplet radius ro increases. A
consequence of this observation is that surface tension outside of the PDMS device is
significant, with the interface between the air and PVP solution playing a role in the final
focusing of the oil stream. This possibly explains the process's robustness to
imperfections in the flow focusing behavior within the chip.
The approximately linear correlation of Taylor cone onset voltage with distance
between the device and ground plate confirms that the intensity of electric field E, rather
than the absolute voltage, determines meniscus instabilities. According to this principle,
the electrospinning system can be shrunk to smaller scales and thus lower voltages,
limited only by the requirement of a minimum clearance for the droplet to form. This
would be highly beneficial if voltages could be placed below 240 V, eliminating the need
for costly and hazardous high-voltage equipment. However, the distance between the
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flow focusing device and the collection plate must be long enough for the solvent to
evaporate from the polymer solution, and hence practical implementations of this
apparatus must still contain a high voltage over a gap h of one centimeter or more.
The absence of higher-order structure seen in the SEM images was expected for
this experiment, as no patterned collection scheme was used. Most importantly, fiber
length was very long, indicating that any imperfections in the flow focusing process did
not compromise the structure of the cone-jet during solidification. Although no signs of
an oil core were visible within the actual fibers using SEM, the apparent presence of a
second phase within the larger beads in Fig. 13(b) suggested that entrapment of the core
oil phase was indeed successful.
TEM imagery confirms without doubt that this implementation was successful in
producing hollow fibers, with diameters significantly smaller than those reported by
Loscertales and colleagues. Although exact fiber dimensions were not obtained from
TEM, the wall thickness relative to fiber diameter appears quite uniform and agrees with
these previous findings [8]. The performance of this microfluidic device for the
production of small hollow nanofibers is thus comparable to traditional approaches, with
the added benefit of a simple and repeatable fabrication process.
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7 Conclusion
Hollow polymer nanofibers were electrospun from concentric streams of oil and
PVP solution. Flow focusing of the immiscible oil template was achieved with a
microfluidic device, fabricated using PDMS soft lithography from a multilayer silicon
mold. The lithography process used to pattern the microchannels is highly repeatable,
and hence replication of these devices as an array of microfabricated channels is a
feasible approach to the multiplexing of the electrospinning process.
In addition to this study's implications for the development of polymer nanofiber
production, a novel flow focusing scheme for immiscible fluids was developed. Previous
implementations of this type of device only demonstrated operation with miscible
substances [19]. Emerging technologies in microfluidics, however, have come to rely on
the use of immiscible phase boundaries to isolate samples for biochemistry and other
applications [25]. Further experimentation and imaging of the exact focusing profile may
thus provide an exciting new tool for the manipulation of immiscible slug flow in
microfluidic systems.
The success of this microfluidic implementation serves as proof-of-concept for
the viability of microfabricated electrospinning systems. The development of
electrospinning as an industrial process, however, hinges on further experimentation and
confirmation of several key mechanisms. Foremost, the functional dependence of fiber
dimensions on both fluid flow and electrical parameters must be established in order for
the unique capabilities of nanofiber-based materials to be harnessed. Furthermore, fiber
yield is a key consideration, as microscopic verification of electrospinning results is not a
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practical step for in-line material processing. To this end, it is recommended that future
iterations of this system address the issues of robustness and variability: irregularities in
the PDMS device, experimental apparatus, and collection techniques were not significant
for this prototype, but may be the source of substantial variation that can have an impact
on fiber yield. Finally, an ordered collection scheme for fibers, such as those developed
by Li and colleagues [13, 14], seems like a logical part of this technology's transition to
the domain of materials science research. It is hoped that this work, along with emerging
research in the physics of electrospinning, will contribute to the development of
nanofiber composites as practical engineering materials.
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